Streptococcus pneumoniae is a leading cause of otitis media, sinusitis, pneumonia, and meningitis worldwide (35) . S. pneumoniae colonizes the nasopharynx and is considered a part of the normal flora in early childhood (1) . Following the implementation of childhood vaccination with the seven-valent conjugated pneumococcal vaccine (PCV7), reports from several locations have described declines in carriage of the seven serotypes included in the vaccine, i.e., serotypes 4, 6B, 9V, 14, 18C, 19F and 23F (4, 6, 13, 19, 24) . Due to reduced transmission of PCV7 serotypes, the incidence of invasive pneumococcal disease (IPD) declines also among the unvaccinated, which is an indirect effect of conjugate pneumococcal vaccination. However, the effect of PCV7 may in part be eroded over time as non-PCV7 serotypes emerge as a more frequent cause of IPD (11) . In the United States, non-antimicrobial-susceptible clones seem to have an advantage among the emerging and expanding non-PCV7 serotypes, both in asymptomatic colonization and IPD (10, 20) . This is primarily demonstrated by increasing incidence rates of drug-resistant clones of serotype 19A (23) .
PCV7 was introduced into the Norwegian childhood vaccination program in a dose schedule of two doses and one boost (2 ϩ 1 dose schedule) in July 2006 and has been offered free of charge to all children born in 2006 and since. A high level of effectiveness of the vaccination program among children was demonstrated quickly after vaccine introduction, and the effect included a decline in IPD caused by erythromycin-resistant S. pneumoniae (34) .
As part of the Norwegian surveillance of PCV7 introduction, a cross-sectional study of nasopharyngeal carriage of Streptococcus pneumoniae among children attending day care centers (DCC) was performed in the early autumn of 2006. Data from this study, with exception of data regarding 38 vaccinated participants, have been reported previously (33) . To assess the impact of the 2 ϩ 1 dose schedule PCV7 vaccination program on carriage of S. pneumoniae, a follow-up was performed in 2008. Serotyping, antimicrobial susceptibility testing, and genotyping of the isolates from 2008 were performed, and the results were compared to those from analyses of the previous collection. Shifts in clonal compositions of the pneumococcal populations were analyzed and are reported here.
Limited outpatient use of antimicrobial agents is recommended in Norway, and the levels of nonsusceptibility to antimicrobials among S. pneumoniae isolates from both local infections and IPD are low (25) . Hence, emphasis has been put on post-PCV7 changes in nonsusceptibility to antimicrobials and nonsusceptible clones in a setting with limited antimicrobial use and resistance.
broth from beef infusion, enriched with 5% horse serum, and 3.3% defibrinated horse blood (Statens Serum Institut, Copenhagen, Denmark). The swabs were transported to the laboratory and further processed within 3 to 4 h.
Bacterial identification and serotyping. Processing of swabs was performed as previously described (33) . Briefly, the swabs were plated onto a nonselective chocolate agar and a Columbia horse blood agar containing 5.0 g/ml gentamicin and reinserted into the respective enrichment broth used for transport. The presence of pneumococci was detected by direct serotyping of all enrichment cultures by using a commercial kit for latex agglutination (Pneumotest-Latex kit; Statens Serum Institut, Copenhagen, Denmark). By this method, the presence of multiple serotypes in one sample can be easily detected (17) . Growth on the selective blood agar was examined for alpha-hemolytic colonies with typical pneumococcal morphology to confirm the findings from the broths. If more serogroups/serotypes were identified in the enrichment culture, up to 16 colonies were passaged in the attempt to identify the different strains. The serotype was determined by the capsular reaction test (Quellung reaction) with specific antisera (Statens Serum Institut, Copenhagen, Denmark). In cases in which there was positive agglutination of the enrichment culture but no growth on the selective blood agar, a new droplet of the enrichment broth was plated on blood agar and incubated overnight for isolation of S. pneumoniae colonies. The recently described serotype 6C was identified directly in the 2008 sample collection by use of the Quellung reaction; strains identified as serotype 6A in the 2006 sample collection were reserotyped in order to differentiate serotype 6C (27) . Strains that were identified as serotype 15B or 15C are reported together as serotype 15B/C due to frequent transition between the two serotypes (32) .
Antimicrobial susceptibility testing. For all identified isolates, antimicrobial susceptibility testing was performed by determination of the MIC by using the antimicrobial gradient strip diffusion method (AB Biodisk, Solna, Sweden). Isolates were tested for susceptibility to penicillin G, cefotaxime, ceftriaxone, erythromycin, clindamycin, tetracycline, trimethoprim-sulfamethoxazole, and chloramphenicol, using ATCC 49619 as a quality control strain and breakpoints from the Clinical and Laboratory Standards Institute (CLSI) (3). Nonsusceptibility to penicillin was reported according to the breakpoint for oral administration, i.e., MIC Ͼ 0.064 g/ml.
Genotyping. Genomic DNA was prepared as previously described (33) . Multilocus sequence typing (MLST) was performed as described by Enright and Spratt (7), and novel alleles and sequence types (STs) were submitted to the curator of the MLST database (http://www.mlst.net). Clonal relationships in the strain collection were visualized using eBURST version 3 (http://eburst.mlst.net) (8) . STs sharing 6 of the 7 MLST alleles were named single-locus variants (SLVs), and groups of STs connected by SLVs were assigned to clonal complexes (CCs). STs belonging to internationally spread and antibiotic-resistant clones described by the Pneumococcal Molecular Epidemiology Network (PMEN) were identified (http://www.sph.emory.edu/PMEN).
Statistical analyses. Chi-square and Fisher's exact test analyses were performed in SPSS 14.0 for Windows and GraphPad Prism 5.01. P values of Ͻ0.05 were considered significant. The genetic diversity in the total population and within each DCC was calculated using Simpson's index of diversity (D) (31) . D is a measure of the probability that two random and independent samples from a population will belong to the same group and is defined as 1 Ϫ , where is given by the equation ϭ ⌺[n i (n i Ϫ 1)]/N(N Ϫ 1), where n i is the number of isolates with the ith ST in the population and N is the number of isolates in the population. Confidence intervals (CI) were determined using the method described by Grundmann et al (9) . The classification index (C), was calculated in order to compare the ST distributions in the two data sets. C is defined as 1 Ϫ ⌺( i1 i2 /), where i1 and i2 are the frequencies of the ith ST in populations 1 and 2, respectively, and is the frequency of the ith ST in the combined data set (16) . If the two populations have identical proportions of each ST, the index is 0; as the populations become more dissimilar, the index increases toward 1. The proportion of children reported to have any RTI during the 3 months preceding participation decreased, as did the proportion of children who had used antimicrobial agents (Table 1).
RESULTS

Study
Pneumococcal carriage. Nasopharyngeal swabs were obtained from 1,213 children, 611 in the 2006 study and 602 in the Carriage of specific pneumococcal serotypes. A total of 1,102 pneumococcal isolates were recovered in the two studies, 539 in 2006 and 563 in 2008. Carriage of PCV7 serotypes decreased in all age groups; the overall carriage of PCV7 serotypes decreased by 48.4% (P Ͻ 0.001). The decrease was nonsignificant for the 48-to 60-month and Ն60-month age groups but significant for the group of children Ն48 months of age (P ϭ 0.048).
In 2008, PCV7 serotypes were carried by 30 (12.7%) of 237 study participants who had been immunized at least twice and by 85 (23.3%) of 365 participants who had received Յ1 vaccine doses (P ϭ 0.001). Relative to the overall 37.0% carriage of PCV7 serotypes in 2006, carriage of PCV7 serotypes decreased by 65.8% among vaccinated children (P Ͻ 0.001) and by 37.0% among children who had received one dose or no immunization (P Ͻ 0.001).
Carriage of five of the PCV7 serotypes (6B, 9V, 14, 18C, and 23F) significantly decreased, while carriage of serotypes 4 and 19F did not change significantly ( Fig. 1 and Table 2 ). Decreased carriage was also observed for PCV7-related serotype 6A.
Carriage of 21 distinct non-PCV7 serotypes and nontypeable strains increased, the increase being statistically significant for serotypes 9N, 16F, 24F, 35F, and 35B ( Fig. 1 and Table 2 ). A significant increase was observed for serotype 15C, while the overall increase of serotype 15B/C proved nonsignificant. The prevalence of serotype 6C increased nonsignificantly, while the prevalence of serotype 19A decreased slightly from 2006 to 2008.
In the two collections of strains, serotypes 19F, 3, and 15C and nontypeable pneumococci were isolated more frequently from cocolonized children than from children carrying a single strain, as already reported for the 2006 samples (33) . In 2008, this association was observed for further four serotypes, i.e., serotypes 23F, 8, 21, and 33F (P Ͻ 0.05 for all; Fisher's exact test).
Genotype distribution and population snapshot. In the 2006 strain collection, 104 distinct STs had been identified, 33 (31.7%) being new in the MLST database at the time of analysis. In 2008, 93 STs were identified, including 17 (18.3%) new STs. Overall, 143 STs were identified in the two studies, 53 of which were present in both data sets ( Table 2 ). The pneumococcal populations sampled in 2006 and 2008 are described in a population snapshot showing which STs were identified in either one or both collections (Fig. 2) . Of the 33 new STs identified in 2006, only two were also isolated in 2008. The two sample collections were genetically different (classification index ϭ 0.366). However, the genotypic diversity measured by Simpson's index of diversity (D) remained unchanged (Table 3) .
Clonal changes among PCV7 serotypes. All strains of the recently described serotype 6C belonged to clones that had previously been entered into the MLST database as serotype 6A, i.e., no new STs expressing serotype 6C were observed following the introduction of PCV7.
Antimicrobial susceptibility. Overall, the proportion of isolates with nonsusceptibility to penicillin G increased nonsignificantly from 1.7% in 2006 to 2.1% in 2008; one penicillin G-resistant isolate (MIC Ն 2 g/ml) was detected (Table 4) . Nonsusceptibility to erythromycin decreased significantly, while a small and nonsignificant decrease was observed for non-clindamycin-susceptible isolates ( Table 4 ). The proportion of strains with resistance to trimethoprim-sulfamethoxazole decreased from 4.6% to 1.9%. The prevalence of multidrugresistant pneumococci (MDRSP), defined as strains with nonsusceptibility to Ն2 ␤-lactams (i.e., penicillin G, cefotaxime, or ceftriaxone), erythromycin, clindamycin, tetracycline, or trimethoprim-sulfamethoxazole, decreased from 4.5% to 1.4%.
Among PCV7 serotype strains, the proportion of non-penicillin-susceptible pneumococci increased from 2.1% in 2006 to 6.8% in 2008, and nonsusceptibility to tetracycline increased from 12.0% to 27.4% (Table 4) The proportion of strains with nonsusceptibility to any antimicrobial agent among non-PCV7 serotypes did not increase, but a slight increase in the proportion with tetracycline resistance was observed ( Table 4 
DISCUSSION
The prevalence of nasopharyngeal pneumococcal colonization among children in Norway is very high compared to prevalences reported from other European and North American settings (2, 4, 13, 15, 19, 28) . Furthermore, the prevalence remained unchanged following the introduction of PCV7 (77.7% before and 80.2% after widespread vaccination). The decrease of PCV7 serotypes among carriers was completely replaced by an increase of non-PCV7 serotypes, similar to what has been reported from other locations (13, 28) .
Sample collection was performed in DCCs, a setting well known to be associated with a high risk of nasopharyngeal carriage of S. pneumoniae (29) . The impact of DCC attendance on transmission of pneumococci has been further demonstrated by modeling; with an increase in the fraction of children attending DCCs and with increasing time spent in DCCs, transmission of pneumococci increases among all children within a community (12) . The proportion of children 1 to 5 years of age attending DCCs in Norway is 84.3%, and more than 95% of these children attend the DCC for at least 25 h per week. Thus, level of transmission of pneumococci among children in Norway is probably very high, both among DCC-attending children and children not attending DCCs, and the observed carriage rate is presumably representative. The geographic distributions of the included DCCs in the two studies were limited but similar. The pneumococci circulating in the DCCs might be less heterogenic than those circulating in the community. This might bias the results regarding ST distribution. However, DCC attendance is very high, and the sample size is large; thus, the results are believed to be representative of the overall community. The follow-up was performed only 2 years after vaccine introduction. Vaccine coverage increased rapidly after vaccine introduction in the Norwegian vaccination program (34) . Thus, as the study population consisted of 1-to 5-year-olds, both vaccinated and unvaccinated children were included; approximately 40% of children had received Ն2 immunizations with PCV7, with high vaccine coverage among study participants born in 2006 or later. The overall rate of carriage of PCV7 serotypes decreased by 48%; carriage decreased both among children who had received Յ1 vaccine dose and among children who had been immunized at least twice, although the latter group carried fewer PCV7 serotypes. Thus, both direct and indirect effects of the PCV7 vaccination program were observed among colonized children. This is consistent with post-PCV7 carriage studies performed in the United States and Canada (19, 24) . However, these studies were performed in settings where a 3 ϩ 1 PCV7 vaccination schedule is recommended, while the present study demonstrates a similar impact with a 2 ϩ 1 dose schedule.
Significant reduction of carriage was observed for five of the PCV7 serotypes; serotypes 4 and 19F did not change significantly. Less inhibition of colonization with serotype 19F by PCV7 has also been observed in other studies (22, 24) . The prevalence of serotype 19A remained unchanged. Importantly, the prevalence of serotype 6B, against which the antibody response corresponding to the 2 ϩ 1 dose schedule has been shown to be somewhat lower than the antibody response after a 3 ϩ 1 dose schedule (18) , decreased significantly. Reduced carriage was also observed for related serotype 6A, while serotype 6C increased nonsignificantly. Interestingly, all serotype 6C strains belonged to STs that had previously been entered in the MLST database and associated with serotype 6A. These isolates might actually be serotype 6C; retyping of the isolates and an update of the database should be considered.
Serotype replacement might be caused by a shift in circulating strains. However, it might also, in part, result from a sampling artifact, i.e., sampling might fail to identify a non-vaccineserotype strain from cocolonized carriers, but following vaccination, these serotypes might be more easily detected. This phenomenon has been called "unmasking" (21) . A sensitive sampling method was employed in the present study, and cocolonization was observed in 12.6% of samples. Hence, the observed changes are believed to represent a true serotype replacement (26) . Certain serotypes, including serotypes 3 and 19F, were associated with cocolonization. However, no recombinational events in cocolonization were indicated by MLST data.
The post-PCV7 change in serotype distribution was generated by a shift in clonal composition of the carried pneumococcal population, including expansion, emergence, reduction, and disappearance of clones. A limited number of clones or CCs within serotypes accounted for the shift in serotype prevalence, while genetic diversity was generated by a large number of STs sharing less than 6 of 7 alleles with other STs (singletons). The possibility of capsule switch was suspected for one clone: ST 200, previously associated with serotype 14, was serotyped as 15B/C. Within PCV7 serotypes, effective reductions, including elimination of internationally dispersed nonsusceptible clones, were observed. However, clonal persistence, expansion, and emergence were observed, in particular for nonsusceptible clones. Statistically significant increases of non-PCV7 serotypes were related to a limited number of corresponding STs and CCs. Importantly, nonsusceptibility to antimicrobials was not observed among these rapidly expanding clones.
Data on the use of antimicrobial agents reported by parents on questionnaires were comparable to usage data obtained from the Norwegian Prescription Database (www.norpd.no) and indicate that overall usage among children in Norway is low. From 2006 to 2008, a significant decrease in antibiotic use was reported. Although the overall use decreased, the numbers were too small for differentiation between use among vaccinated and unvaccinated children. Similarly, the proportion of children reported to have any RTI during the 3 months preceding participation decreased overall. As for the case with antibiotic usage, differences between vaccinated and unvaccinated children were not significant. These findings are consistent with results from a randomized controlled study in DCCs (5), while postlicensure surveillance has not unambiguously demonstrated such reductions (14, 24) . Following the introduction of PCV7, the proportions of erythromycin-resistant, trimethoprim-sulfamethoxazole-resistant, and multidrug-resistant pneumococci decreased. Prior to PCV7 introduction, the PMEN clone England 14 -ST 9 dominated among erythromycin-resistant pneumococci. The reduced proportion of strains with erythromycin resistance in the carried population was closely linked to the disappearance of this clone and corresponds well to the decline in IPD caused by erythromycin-resistant pneumococci among children after PCV7 introduction (34) .
The proportions of nonsusceptibility to penicillin and tetracycline, however, remained stable overall and increased among PCV7 serotypes. These increases were related to the expansion and introduction of a few distinct nonsusceptible clones, in particular, clones with serotype 19F capsules. Persistence of non-penicillin-susceptible pneumococci, and in particular nonpenicillin-susceptible pneumococcus serotype 19F, following vaccine introduction has also been described in other settings. The tetracycline-resistant serotype 19F clone Portugal 19F -ST 177 was described as one of the most prevalent and persistent clones in a longitudinal DCC carriage study in Portugal (30) . Thus, both ST and susceptibility phenotype, in addition to serotype, might influence selection and persistence.
Interestingly, emergence of serotype 19F MDRSP belonging to ST 320 was observed. This clone has been a major contributor to the post-PCV7 increase in nonsusceptible serotype 19A in the United States (23) . Vaccine-induced mucosal immunity against serotype 19F being weaker than that against other PCV7 serotypes might explain this persistence. However, the persistence and expansion of nonsusceptible serotype 19F clones under a fairly constant, even likely lower, antibiotic selective pressure suggest an additional selective advantage among these clones.
An association between carriage prevalence and nonsusceptibility to penicillin among non-PCV7 serotypes has been suggested (14) , indicating an effect of continued antibiotic selection. Increased carriage of serotype 19A and, in particular, emergence of non-penicillin-susceptible serotype 19A were evident in studies from the United States with 3 years of follow-up (13, 28) . Hence, emergence of serotype 19A and nonsusceptibility among colonizing non-PCV7 serotypes in Norway might increase, in particular, among the most prevalent serotypes, e.g., serogroups 15 and 35, and this should be assessed by further surveillance of nasopharyngeal carriage.
In conclusion, we have demonstrated that a 2 ϩ 1 dose vaccination program rapidly leads to reduced circulation of PCV7 serotypes among both vaccinated and unvaccinated children in Norwegian DCCs, a setting where pneumococcal carriage is highly prevalent and the transmission rate is presumably very high. The decreased serotypes, however, were completely replaced by non-PCV7 serotypes. Drug resistance either decreased or persisted among carried strains; it is noteworthy that the proportion of nonsusceptible strains did not increase among non-PCV7 serotypes. Expansion of established clones and introduction of new clones among non-PCV7 serotypes were observed in the carried pneumococcal population; the major serotype-specific increases were caused by expansion of a corresponding ST or CC. Among PCV7 serotypes, nonsusceptible clones persisted, in particular, clones belonging to serotype 19F, an important colonizing serotype that did not significantly decrease post-PCV7. Thus, a differential immunologic selective pressure might interact with an antimicrobial selective pressure and clone-specific advantages to create the shifts observed in the population with pneumococcal carriage.
